It has always been assumed that the manubrium is in effect perfectly rigid. In this paper, a more realistic model of the manubrium is incorporated into an existing finite-element model of the cat eardrum. The manubrial thickness is based on a three-dimensional reconstruction from serial histological sections. After a review of the literature, a value of 2 X 10 t• dyn cm -2 is adopted for the Young's modulus of the bone. The mode of vibration of the model is investigated for different manubrial-thickness values and it is found that a significant degree of manubrial bending occurs in the model for realistic values of manubrial thickness. As a result of the bending, the frequency response at the umbo at high frequencies displays much higher amplitudes and larger phase lags than when the manubrium is rigid. The bending will also affect the displacements transmitted to the ossicular lead, and introduce significant errors into estimates of such displacements based on measurements of umbo displacement even at frequencies as low as a few kHz. Recent measurements of manubrium vibrations in the cat ear provide experimental evidence of bending.
INTRODUCTION
In previous modeling of middle-ear function, it has always been assumed that the manubrium is in effect perfectly rigid. It has also often been assumed that the manubrium has a fixed axis of rotation. Both of these assumptions have been made in our previous finite-element models (Funnel and Laszlo, 1978; Funnell, 1983; Funnell et al., 1987) . In the only other three-dimensional quantitative model of the eardrum, Rabbitt and Holmes (1986) also assumed that the manubrium was rigid in their analysis using asymptotic approximations, although they permitted one extra degree of freedom to the ossicular suspension.
Recent experimental data suggest, however, that the manubrium does not always behave perfectly rigidly. We have been using heterodyne laser interferometry to make very precise measurements of the motion of the manubrium in the cat (Decraemer et al., 1990) . From experiments in which we measured the vibration at four points on the manubrium (Deeraemer et al., 1991), it is quite clear that the manubrium does not move as a rigid body rotating about a fixed axis. There is a strong indication that manubrial bending occurs at high frequencies.
The purpose of this paper is to investigate whether manubrial bending is to be expected on theoretical grounds. In particular, we have included a more realistic representation of the manubrium in our existing finite-element model of the cat eardrum. This paper discusses the actual geometry and material stiffness of the cat manubrium, introduces these factors into the model, and explores their effects on the motion of the manubrium.
I. GEOMETRY OF THE MANUBRIUM
Important factors in determining the effective stiffness of the manubrium are its cross-sectional shape and size, which vary from the lateral process down to the umbo. The three-dimensional shape of the malleus was measured using a set of serial histological sections from a single cat. The ear was decalcified and embedded in plastic, and sections were cut at 50-pm intervals. Every second section was stained with hematoxylin and eosin, and mounted.
Since the plane of sectioning was neither parallel to the long axis of the manubrium nor perpendicular to a plane which might be taken as representing the lateral face of the manubrium, measurement.s could not be taken directly from the serial sections. The malleus geometry was therefore reconstructed in three dimensions on the computer and measurements were taken from the reconstruction. The reconstruction was made by tracing the outlines from a large number ofhistological sections, and then using the computer to stack them, align them, and generate three-dimensional surfaces joining them. Our reconstruction includes the entire middle ear, and has also been used to model the ossicles as a whole (Funnell and Phelan, 1981 ) and the posterior incudal ligament ).
The threerdimensional reconstruction can be rotated to any desired orientation. Figure 1 shows a view of the manubrium with its long axis approximately horizontal and its lateral face approximately perpendicular to the page. The model was graphically sectioned with cutting planes perpendicular to the long axis, at the positions indicated by the cutting-plane lines labeled a to g in Fig. 1. Figure 2 shows the resulting sectional views. The white areas are the crosssectional surfaces; the shaded areas represent the remainder of the reconstructed manubrium, looking toward the lateral process.
In our previous models, we used a finite-element mesh which is fine enough to represent the longitudinal thickness variations of the manubrium, but which is only one element wide across the manubrium. Since each element has a uniform thickness, this means that the transverse thickness variations of the manubrium cannot be reproduced with this mesh. A mesh several times finer would be required to represent the transverse thickness variations. Since the computational time and storage requirements increase exponentially with increases of the mesh resolution, the additional computational effort would be excessive for our present purposes.
We have chosen, therefore, to use the same mesh as in our previous models. This necessitates the calculation of an equivalent thickness to account for the transverse variations.
The three cross sections nearest the lateral process (e-g the manubrium are approximately 1.4-1.9 times those for the medium set, and the effective stiffnesses are thus approximately 3-7 times those for the medium set.
II. MATERIAL STIFFNESS OF BONE
The material stiffness of bone varies widely with the species, the nature of the bone (e.g., cancellous or dense), the direction of measurement (longitudinal or crosswise), and the part of the bone (e.g., end or middle, cortex or interior). In order to obtain an upper limit for our estimate of its stiffness, we shall consider the properties of dense cortical bone. Most measurements have been made in long bones, usually the femur. We shall consider here only longitudinal mea- In estimating the stiffness of the manubrium, we have assumed that it consists of uniform compact bone. In fact, however, the malleus consists of an outer layer of compact bone with less dense bone inside ( Kirikae, 1960, 
pp. 64-65).
This may mean that the effective stiffness is less than that estimated here.
III. FINITE-ELEMENT*MODEL
Except for the inclusion of a nonrigid manubrium, the finite-element model of the cat eardrum presented here is identical to our previous models (Funnell, 1983 The triangular finite-element mesh is generated with a nominal resolution of 12 elements/diameter (Funnell, 1983 cavities, that is, the middle-ear septum and bulla are considered to be opened widely. The present model has a fixed axis of rotation as in our previous models. This assumption appears to be valid for low frequencies, and it permits us to focus on the effects of manubrial bending alone. The combined ossieular and cochlear load is represented by a single lumped rotational impedance at the fixed axis, consisting of ( 1 ) In our previous models, the perfect rigidity of the manubrium was obtained with a master/slave mechanism (Funnell and Laszlo, 1978). The manubrium was assumed to rotate about a fixed axis parallel to the x axis. A single rotational degree of freedom was assigned to this axis, and the degrees of freedom of nodes on the manubrium were forced to correspond exactly to a rotation about the axis. This meant that elements needed to be defined explicitly only for the part of the malleus actually embedded in the eardrum and not for the neck and head. In the present model, the behavior of the malleus is modeled with actual elements having finite stiffness, rather than with the master/slave mechanism. This means that new elements must be added to model the neck of the malleus, and the heads of the malleus and incus. The shapes of these elements are not important since they are assumed to be thick enough to be effectively rigid, and they are again massless; they serve only to attach the . 4 ). On the vertical axis are plotted the nodal displacements at the instant of time at which the lateral process reaches its maximal displacement. Note that the displacement scale is expanded in Fig. 7 . The gray parts of the curves correspond to the head and neck of the malleus; the black parts correspond to the'manubrium, from the lateral process on the left to the lower tip (at the umbo) on the right. The malleus has zero displacement at the axis of rotation; the head and neck remain rigid in every case. The upper part of the manubrium itself also remains rigid, but its lower part bends more and more as the frequency increases and as the thickness decreases. In the top row of cells in the two figures, where the manubrium is thickest and thus most stiff, it remains essentially rigid up to 5 kHz. At 6 and 7 kHz, the triangles of the finite-element mesh are visible, which means that points at the same distance from the axis but on opposite sides of the manubrium have different displacements; this implies that the manubrium is twisting as well as bending. In the middle row, with intermediate thickness, the bending is significant by 3 kHz, and by 7 kHz the bending and twisting are quite dramatic. In the lower row of cells, with a manubrium which is even thinner and thus less stiff, similar patterns occur at even lower frequencies•tbe bending is already extreme by 3 kHz.
In interpreting the manubrial displacement profiles of Figs. 6 and 7, it must be kept in mind that there can be large phase variations along the length of the manubrium. This is demonstrated in Fig. 8 •-360 and 6% for the medium and thin cases, respectively. The frequency-response amplitudes for the medium-thickness and thin manubria are within I dB (-10%) of the rigidmanubrium case up to about 2.2 and 1.1 kHz, respectively, and within 2 dB(•25%) up to about 4.3 and 1.6 kHz. The differences reach + 3 dB by 6.3 and 2.2 kHz, respectively. Above these frequencies the amplitude difii:rences are increasingly variable, and are predominantly decreasing. The greatest increases are about 6 dB, while the greatest decreases are 8.6 dB tbr the medium case and 13.9 dB for the thin case. There are also significant phase changes, practically all in the direction of increased phase lag. For the medium case, the phase changes are largest in the vicinity of 6 kHz, and above 12 kHz. For the thin case, there is another region of large phase change between 3 and 4 kHz.
The effects of the bending become much greater as we go further down the manubrium, at least at high frequencies. Figure 10 presents frequency responses in the same format as Fig. 9 , but this time for a node at the umbo. Here the frequency-response amplitudes at very low frequencies for the medium and thin manubria are slightly lower (less than 1%) than those for the rigid manubrium; leading up to the peak at 1.8 kHz, they become somewhat higher (up to 7%) than the rigid-manubrium amplitudes. The amplitudes for the medi- um-thickness manubrium remain within 2 dB of the rigidmanubrium case up to about 6.6 kHz; for the thin manubrium, however, the amplitude already differs by 6 dB at 2.5 kHz. Up to 10 kHz, the amplitudes for the mediumthickness and thin manubria are both generally lower than the rigid-manubrium amplitudes, and both remain within 15 dB of the rigid case; the phase differences become quite marked above roughly 6 kHz. The most striking feature of these curves, however, is in the range from 10-20 kHz, where the amplitude for the flexible manubrium stays relatively high instead of decreasing rapidly as it does for the rigid manubrium. The result is an amplitude difference that at 18.3 kHz reaches 32 and 35 dB for the medium and thin cases, respectively. For the manubrium of medium thickness, there is also a sharp increase of almost 360 ø in the phase lag above 9 kHz. (Note that the frequency resolution in these curves is 100 Hz, so this sharp change is not due to the 360 ø ambiguity inherent in phase Mention has been made earlier of our recent experiments in which evidence of high-frequency manubrial bending was seen (Decraemer et aL, 1991 ) . In a further experiment using the same techniques, the vibration was measured at a larger number of points on the manubrium. At each point, measurements were made over a broad range of frequencies. The time intervals between measurements at different points were from 28-65 rain; the frequency sweeps at each point took less than 10 rain each. The original aim of the experiment was to investigate the three-dimensional motion of the manubrium, and the data will be analyzed and presented more fully elsewhere. In view of the modeling results obtained here, however, we have analyzed some of the lowfrequency data to look for evidence of manubrial bending.
Six of the measurement points were distributed from the umbo almost all the way up to the lateral process. plotted for the second frequency and again is seen to fit the data well. Thus, the data at the first two frequencies indicate that ( 1 ) the preparation is stable over the time intervals between measurements at different points; (2) the manubrium is vibrating about an axis of rotation which is fixed during the vibration cycle; and (3) the manubrium is vibrating as a rigid body. At the third and fourth frequencies, and especially the fourth, straight lines do not fit the data in the region of the umbo. In each case, therefore, instead of attempting to fit a straight line to all six points, we have drawn a straight line from the leftmost measurement point to the point representing the axis of rotation from the first frequency. It can be seen that in each case the first four data points are almost colinear with the line drawn from the presumed rotational axis, indicating that the axis has not moved. The data points nearer the umbo, however, fall significantly below an extrapolation of this line. The effect is larger at the fourth frequency. Although further experimental investigation is clearly required, these observations are consistent with the suggestion of low-frequency manubrial bending.
As noted in Sec. II, the value chosen for Young's modulus, 2X I0 • dyn cm-2, is on the high side of the observed range of values for compact bone. Furthermore, the estimate did not take into account the fact that the manubrium is not uniform throughout, and the presence of less dense bone in the interior could reduce the overall stiffness. Therefore, the flexibility of the manubrium may actually be even greater than in the model presented here. With our assumption in the current model of a fixed axis of rotation, the rotational displacement at the axis is the ultimate output of the eardrum/manubrium system, and its amplitude is a measure of the effectiveness of the coupling of ear-canal acoustical pressure to middle-ear mechanical displacement. Since the head and neck of the malleus are effec-tively rigid in our model, the displacements at the lateral process are a direct measure of the rotation about the axis. On this basis, the bending of the manubrium seems to result in a slight increase of efficiency of the system at very low frequencies, an increase of a few dB at frequencies up to a few kHz, and mostly decreases of up to 10-15 dB at higher frequencies.
In principle, in a system like this where a long embedded beam serves to transmit energy from a large flexible shell (or membrane) to a stiff hinge, increased flexibility of the beam can either increase or decrease the resulting rotational displacement at the hinge. Making the beam more flexible can increase the coupling by decreasing the constraints that the beam places on the displacement of the shell. Clearly, there is a limit to how flexible the beam should be, however, since in the extreme case, there would be effectively no beam at all and the coupling would be very poor between the flexible shell and the stiff hinge. Thus excessive flexibility of the beam will decrease the coupling. Presumably, the reason our results show mixed and relatively small effects of manubrial bending on the effectiveness of the coupling is that the two factors are closely balanced over the range of parameters explored--as the manubrium becomes more flexible, it loses some of the force contribution from its tip, but at the same time, the tip interferes less with the vibration of the eardrum.
The coupling between the eardrum and the manubrium is a case of impedance matching, analogous to the impedance matching required between the air in the ear canal and the liquid in the cochlea. The fact that the manubrium is tapered may be seen as an attempt to avoid an abrupt impedance change, by gradually decreasing the stiffness from the thick and rigid head and neck of the malleus toward the center of the relatively flexible eardrum. (Of course, the tapering also reduces the moment of inertia of the manubrium about the axis of rotation, reducing its contribution to the increasing impedance at high frequencies. Recall that the modeling approach presented here has excluded this mass effect since the mass of the malleus is all contained in a fixed moment-ofinertia term. This also means that none of the bending obse. rved here can be due to resonances of the manubrium itself. )
The motion of the manubrium is determined by the combined effects of ( 1 ) the forces exerted on it by the eardrum; (2) the forces exerted on it by the ossicular and cochlear loads; (3) its own inertial and damping forces; and (4) the acoustical forces acting directly on it, which are small. The bending of the manubrium is presumably determined primarily by the interaction between the ossicular load and the eardrum forces. The spatial distribution of the eardrum forces depends on the pattern of eardrum vibration, which changes dramatically with frequency. The bending can thus be expected to be quite different at different frequencies. At very high frequencies, the acoustical pressure distribution over the surface of the eardrum is nonuniform (Khanna and Stinson, 1985; Stinson, 1985) . This nonuniformity, which has not yet been included in our model, may contribute to the strong bending that appears experimentally at very high frequencies (Decraemer et al., 1991 ) .
The observation that the manubrium may bend lies in the error it would introduce into any experimental attempt to quantify middle-ear input using measurements of manubrial displacement. Figure 12 focuses on this effect by presenting the amplitude and phase errors due to predicting lateral-process displacements based on umbo displacements. The errors are plotted as functions of frequency for the models with medium-thickness and thin manubria. For the medium-thickness manubrium, the error at very low frequencies is about 3%; by 2 kHz, it has increased to 7%, and by 4 kHz, it is 22%. Between 6 and 10 kHz, the error is as high as 66%; above 10 kHz, the error changes sign and again becomes quite large.
Also, above 10 kHz, there is a phase error of as much as 272 ø. As pointed out above, the medium-thickness manubrium used here may well underestimate the flexibility of the manubrium. With this in mind, we see that the errors in Figure 12 are even larger for the thin-manubrium case. They increase from 7% at veJ•] low frequencies, to 11% at 1 kHz, to 67% at 3.4 kHz. Above this frequency the error is strongly frequency dependent and often changes sign abruptly. There are also significant phase errors, already reaching 25* at 2.5 kHz; the phase error above 10 kHz is very different from that for the medium-thickness case. If the manubrium does bend as suggested by these modeling results, it implies that manubrial displacements cannot easily be used to characterize experimental input to the inner ear even at low frequencies.
The effect of the bending in the model varies from being relatively small for the thick manubrium to being quite large for the thin manubrium. This shows that, within anatomically and physiologically reasonable ranges, the behavior of the system depends strongly on the actual shape and mechanical properties of the manubrium. Since anatomical variations among individuals can be sizable, this in turn implies that there may be considerable differences in manubrial bending among individuals, particularly among different age groups. There are also presumably differences among species. Further experimental work is clearly required to study the extent and significance of manubhal bending.
